Epidermal keratinocytes are complex cells that create a unique three-dimensional (3-D) structure, di¡erentiate through a multistage process, and respond to extracellular stimuli from nearby cells. Consequently, keratinocytes express many genes, i.e., have a relatively large ''transcriptome.'' To determine which of the expressed genes are innate to keratinocytes, which are speci¢c for the di¡erentiation and 3-D architecture, and which are induced by other cell types, we compared the transcriptomes of skin from human subjects, di¡erentiating 3-D reconstituted epidermis, cultured keratinocytes, and nonkeratinocyte cell types. Using large oligonucleotide microarrays, we analyzed ¢ve or more replicates of each, which yielded statistically consistent data and allowed identi¢cation of the di¡erentially expressed genes. Epidermal keratinocytes, unlike other cells, express many proteases and protease inhibitors and genes that protect from UV light. Skin speci¢cally expresses a higher number of receptors, secreted proteins, and transcription factors, perhaps in£uenced by the presence of nonkeratinocyte cell types. Surprisingly, mitochondrial proteins were signi¢cantly suppressed in skin, suggesting a low metabolic rate. Three-dimensional samples, skin and reconstituted epidermis, are similar to each other, expressing epidermal di¡erentiation markers. Cultured keratinocytes express many cell-cycle and DNA replication genes, as well as integrins and extracellular matrix proteins. These results de¢ne innate, architecture-speci¢c, and cell-type-regulated genes in epidermis.
experimental noise to match and obscure the real di¡erences in expression, which mandates extensive replicate measurements (Lee et al, 2000) . This becomes crucial in analyses of human samples, where inherent variation is di⁄cult to eliminate. Therefore, we decided at the outset to use at least ¢ve replicates of each sample type in these studies, which allowed us to perform statistical analyses, determine con¢dence limits, and unambiguously identify the di¡erentially expressed genes. Several computational approaches have been described to identify similarly regulated gene clusters. We have compared three of these, self-organizing maps, correlation coe⁄cient clustering, and simple twofold difference in expression and realized that all three identify largely overlapping sets of genes. Because of the ¢vefold redundancy, the most reliable identi¢cation of di¡erentially expressed genes derives from parametric and nonparametric statistical analyses, and therefore we adopted the t test and Mann^Whitney test for detection of such genes. An additional di⁄culty in performing and interpreting microarray analyses is an inadequate annotation, either too sparse or too extensive. Therefore, we compiled an extensive annotation table, which allowed us to identify quickly and e⁄ciently the categories of genes and processes di¡erentially expressed in the three samples.
The results of our studies categorize genes expressed in epidermal keratinocytes and identify those di¡erentially expressed in skin, reconstituted epidermis, and cultured keratinocytes. Speci¢cally, we ¢nd that skin and reconstituted epidermis are similar in most respects, except that skin expresses more transcription factors, secreted proteins, and cell surface receptors, re£ecting its more complex cellular environment. As expected, the cultured cells do not express epidermal di¡erentiation markers. They are further characterized by increased expression of cell cycle and DNA replication genes. At the same time, several apoptotic genes are suppressed in cultured cells, including four Bcl2-related ones. Unexpectedly, skin expresses much fewer mitochondrial proteins in comparison to both cultured cells and reconstituted epidermis, apparently re£ecting its relatively slower metabolism. These results de¢ne the global patterns of gene expression in epidermal keratinocytes under a variety of experimental conditions and con¢rm the usefulness of reconstituted epidermis as di¡erentiating keratinocyte monocultures. The human samples in our study were taken after obtaining informed consent from the donors, in accordance with the Helsinki principles as approved by the local IRB.
MATERIALS AND METHODS
Provenance and maintenance of the samples For each sample type, we attempted to widen the ''normal'' laboratory variations by preparing samples at di¡erent times, from di¡erent batches of cells, using di¡erent lots of reagents and by having di¡erent laboratory personnel perform the experiments.
Normal human skin samples were obtained from patients undergoing elective breast reduction surgery approximately 0 to 4 h after surgery. They were obtained in a protocol approved by the Institutional Review Board. For the experiments presented here, skin was obtained from three independent surgery patients, and two di¡erent experimenters prepared the microarray hybridization samples. The skin samples were obtained over a period of 6 mo. The fat layer and most of the dermis were removed using surgical scissors and by gentle scrapping with a scalpel, leaving the epidermis as the predominant cellular structure (B0.2 mm deep). Samples were then cut into strips of approximately 0.5 Â 3 cm and stored in RNAlater (Ambion, Austin, TX) overnight at 41C.
The reconstituted human epidermis consists of a three-dimensional multilayered keratinocyte structure grown on air^liquid interface, without any other cell type (SkinEthic Laboratory, Nice, France). All media for cell culture were prepared without antibiotics and antimycotic agents (Rosdy and Clauss, 1990; Bernard et al, 2002) . They originated from the same donor, but were expanded and delivered on several occasions, 6 mo apart.
Normal human foreskin epidermal keratinocytes were obtained from M. Simon (Living Skin Bank, Burn Unit SUNY, Stony Brook, NY). The cultures were initiated using 3T3 feeder layers as described (Rheinwald and Green, 1975; Simon and Green, 1984) and then frozen in liquid nitrogen until used. Once thawed, the keratinocytes were grown without feeder cells in de¢ned serum-free keratinocyte growth medium, supplemented with 5 ng per mL epidermal growth factor and 0.05 mg per mL bovine pituitary extract (Gibco, San Diego, CA) at 371C, in 5% CO 2 . The medium was replaced every 2 d and cells were expanded through two or three 1:4 passages for the experiments. They were trypsinized with 0.025% trypsin, which was neutralized with 0.5 mg per mL trypsin inhibitor. Cells were harvested by scraping 1 d after they re-ached full con£uency. For this set of experiments, the cells were grown by two di¡erent experimenters, at three occasions, over a period of 12 mo.
Nonkeratinocyte cell types were grown, and hybridization samples were prepared by our colleagues, users of the NYU School of Medicine, Department of Dermatology Microarray Core Facility. They include six melanoma, four endothelial, two simple-epithelial, and four ¢broblastic samples.
Preparation and hybridization of labeled probes Total skin RNA was isolated using 10 mL of Triazol (Invitrogen Life Technologies, Carlsbad, CA), which was followed by RNeasy kit (Qiagen, Chatsworth, CA) according to manufacturer's instruction. Triazol gives good yields and e¡ectively disrupts the epidermis, but the purity of the RNA is inadequate for direct labeling; the RNA isolation kit gives adequate purity, but alone ine⁄ciently disrupts the tissue, which is why we used the two in series. All solutions contain RNase inhibitors. Skin is particularly rich in RNases, necessitating their inhibition. If the sample is not immediately processed for RNA isolation, it is cut into 3 -mm-wide strips and stored in RNAlater overnight at 41C and then at À201C. With this procedure, we routinely prepare RNA of high quality. From the reconstituted epidermis and cultured keratinocytes, total RNA was isolated using Qiashredders to homogenize cell extracts and RNeasy kits procedure. DNA was removed with on-column DNase digestion using a Qiagen RNases-free DNase set. RNA samples were stored in water at À801C until hybridization. To ensure good RNA quality, 28S and 18S ribosomal bands were visualized on a nondenaturing agarose gel and OD 260/280 spectrophotometric ratio of at least 1.8 was obtained.
Approximately 5 to 8 mg of total RNA was reverse-transcribed, ampli¢ed, and labeled as described (Mahadevappa and Warrington, 1999; Li et al, 2001) . Labeled cRNA was hybridized to HGU95Av2 arrays (A¡ymetrix) with the capacity to display transcript levels of approximately 12,000 human genes. Arrays were washed, stained with antibiotin streptavidin^phycoerythrin-labeled antibody using A¡ymetrix £uidics station and then scanned using the Agilent GeneArray scanner system (Hewlett-Packard).
Northern blotting For northern blot analysis, 5 mg of total RNA was electrophoresed on 1% formaldehyde-agarose gel and transferred to Hybond nylon membrane (Amersham Pharmacia Biotech, Buckinghamshire, UK). The GAPDH probe was synthesized using keratinocyte RNA and the RT-PCR kit (Promega) with the following primers: 5 0 -ACAGTCAGCCGCATCTTCTT-3 0 and 5 0 -GACAAGCTTCCCGTTCT-CAG-3 0 . Gel-puri¢ed RT-PCR products were labeled with [ 32 P]dCTP (3000 Ci/mmol, Dupont NEN, Boston, MA) using a random-primed DNA labeling kit (Roche, Indianapolis, IN) and cleaned through a microspin column (Amersham Pharmacia Biotech). Hybridizations were performed using ExpressHyb solution (Clontech, Palo Alto, CA) at 681C for 1 h. Membranes were washed with a 2 Â SSC, 0.05% SDS solution, with continuous shaking, three times for 30 min at room temperature and with 0.1 ÂSSC, 0.1% SDS at 501C for 40 min. The signals from the hybridized membrane were captured on Biomax MS ¢lm (Kodak).
Array data analysis Generally, we used Microsuite 4.0 (A¡ymetrix) for data extraction, as before (Li et al, 2001) . To compare data from multiple arrays, the signal of each probe array was scaled to same target intensity value. To eliminate genes exhibiting potential false-positive di¡erential expression, we selected only those genes that possessed relative signal intensity greater than 1 SD above average for all genes scored as ''absent'' in the samples. GeneChip data mining software (A¡ymetrix-DMT, version 3.0) was used to derive scatterplots, self-organizing maps, and correlation coe⁄cient clusters of the genes. For additional data interpretation, we used Cluster and Tree View software available at http:// rana.lbl.gov/eisensoftware.htm (Eisen et al, 1998) . First, the data were imported into the Cluster and Tree View software in a tab-delimited format. A data set containing the expression patterns of the regulated genes was clustered in two ways, based on the similarity of gene expression over the time course of 24 h and based on the similarity between di¡erent time points. The clusters were observed using the TreeView program.
Di¡erential expressions of transcripts were determined by calculating the statistical probability of di¡erential expression using both parametric and nonparametric tests, speci¢cally, using the Student's t test and the Mann1 Whitney test, both included in the A¡ymetrix-DMT, version 3.0. Genes were considered di¡erentially expressed if the both tests con¢rmed di¡erential expression, and if expression levels di¡ered twofold or more in at least one pairwise comparisons, i.e., genes upregulated in skin are expressed at least twice as much in skin as in either reconstituted epidermis or cultured keratinocytes.
We developed an extensive gene annotation table describing the molecular function and biological category of the genes present on the chip (T. Banno, D. Li, P. Ramphal, and M. Blumenberg, unpublished) . The table is based primarily on the data by J.M. Rouillard (Rouillard et al, 2002) and the Gene Ontology Consortium (http://cgap.nci.nih.gov/ Genes/GOBrowser; http://dot.ped.med.umich.edu:2000/ourimage/pub/shared/ JMR_pub_a¡yannot.htmL). The regulated genes were functionally classi-¢ed according to this table.
RESULTS
Keratinocyte-speci¢c genes Because all three sets of samples, skin, reconstituted epidermis, and cultured keratinocytes, consist primarily, or exclusively, of the same cell type, they should express a common set of keratinocyte-speci¢c genes. Therefore, we compared the 15 keratinocyte samples with a set of human nonkeratinocyte cells analyzed in our Core. The nonkeratinocyte set comprised six melanoma, four endothelial, two simpleepithelial, and four ¢broblastic cells. We calculated the medians of the keratinocyte and nonkeratinocyte sets, as well as Student's t test and Mann^Whitney statistical calculations for di¡erence in expression. Table I contains the most di¡erentially expressed epidermal keratinocyte-speci¢c genes. Among these, we ¢nd keratins, corni¢ed envelope proteins, and desmosomal markers. Unexpectedly, we ¢nd many proteolytic enzymes as well as their inhibitors. This may suggest the presence of very active protein turnover and remodeling in keratinocytes, not common in other cell types.
Scatterplot analyses One of the important limitations of the use of microarrays today is the inherent variability due to sample di¡erences and preparation, as well as intrinsic limits of instrument reproducibility (Zhao et al, 2000) . Indeed, a signi¢cant body of literature addresses this issue and the current standard is to perform the experiments in triplicate (Lee et al, 2000) . The reproducibility problem is not as serious when cell culture samples are used, but it can be quite signi¢cant when in vivo human samples from individuals are used. Therefore, we decided to use quintuplicates of each of our three sample types. We have calculated averages, means, and medians for each set of ¢ve sample types and found that medians are the least sensitive to the e¡ects of outliers. The statistical analysis of redundancy and the e¡ects of replicates will be published elsewhere (M. Blumenberg and P. Ramphal, manuscript in preparation). One of the main conclusions of that work is that triplicates are necessary and in general su⁄cient, but that quintuplicates do provide an additional margin of con¢dence. For example, when we compared scatter plots of individual pairs of microarray data with scatter plots of an array versus a median of all ¢ve arrays of the same type, we found that the points cluster much closer to the diagonal in comparison with the medians than in comparisons of individual arrays. This means that by using the medians of ¢ve experiments, we have eliminated much of the interexperiment variation (Fig 1) . Therefore, we decided to use, in all subsequent comparisons, the medians of quintuplicates of each sample type.
When we compared the medians of skin, keratinocyte, and reconstituted epidermis microarrays using scatterplots, we found again that in all three comparisons most points fell close to the diagonal, which means that most genes are expressed at similar levels in the three sample types (Fig 1) . Nevertheless, it appears that the skin samples and the reconstituted epidermis samples are more similar to each other than either is to cultured keratinocytes; comparisons with cultured keratinocytes have more points threefold or more o¡ the diagonals than the skin/skin equivalent comparison (Fig 1) .
Nevertheless, focusing on particular functional categories of genes, we ¢nd characteristic similarities and di¡erences between samples. For example, we identi¢ed the genes that contain in their functional description characteristic tags, such as ''CDC'' for cell division cycle, ''ribosomal, '' ''mitochondrial, '' or ''growth factor. '' This last category includes growth factor receptors, their binding proteins or kinases, and even growth factor-like genes, all those that contain the phrase ''growth factor'' in their descriptions. Speci¢cally, when we compare skin to cultured keratinocytes, we ¢nd that almost all CDC and ribosomal genes fall close to the diagonal, within the twofold di¡erence lines, and all fall within the twofold di¡erence lines (not shown). In contrast, although many mitochondrial genes fall close to the diagonal, many are expressed at more than threefold higher levels in cultured keratinocytes than in skin. Conversely, the growth factor category contains many genes expressed at more than threefold higher levels in skin than in cultured keratinocytes (Fig 2 and . Virtually identical results are obtained in the comparison of skin with reconstituted epidermis: the CDC and ribosomal genes are expressed similarly in the two sample types (not shown), mitochondrial gene are expressed at higher levels in reconstituted epidermis, and the growth factor category is expressed at higher levels in the skin (Fig 2) . When we compared reconstituted epidermis to cultured keratinocytes, we found that these two sample types expressed similar levels of all four categories, CDC, ribosomal, mitochondrial, and growth factor genes (Fig 2) .
Perhaps the most interesting di¡erences were found in the category of ''keratin, '' which contains, besides keratins, genes speci¢c for keratinocytes ( Fig 3) . Here we ¢nd that skin and reconstituted epidermis express these genes at similar level, but that the expression in cultured keratinocytes di¡ers (Fig 3) . When we identi¢ed these genes individually, we found that the di¡erentiation markers, keratins K1, K10, and K2e, are expressed at much higher levels in skin and reconstituted epidermis, than in cultured keratinocytes; this agrees well with the fact that keratinocytes in culture under our growth conditions do not di¡erentiate. The activation-speci¢c keratins K6 and K16 are also expressed at higher levels in the multilayered samples, perhaps re£ecting the fact that in vivo these keratins are not expressed in the basal layer. We note that these two keratins are represented on the A¡ymetrix chips as two independent sets of spots and therefore are found in duplicates on the scatterplots. In all comparisons, these duplicates fall close to each other, substantiating the reproducibility of microarray analysis. The basallayer-speci¢c keratins K5 and K14 are among the most highly expressed genes in these samples and expressed equally in all three types of samples. K17 is also expressed at equal, but lower, levels. On the other hand, simple epithelia keratins, K8, K18, and K19, are expressed at higher levels in culture than in vivo and so is K15. Perhaps this demonstrates a certain level of ''dedifferentiation'' of keratinocytes when they are grown under arti¢cial conditions as a monolayer in culture. Finally, the microarrays detect very low levels of ''hair'' keratins, at similar levels in the three sample types, as well as the gene encoding the keratinocyte growth factor, which was included in the selection because it contains the string keratin (Fig 3) .
Selecting the di¡erentially expressed genes While scatterplots compare gene expression in two dimensions, our 15 microarrays represent a 15-dimensional pattern of expression of over 7000 genes. To analyze such complex patterns, we used two of the approaches developed to reduce the dimensionality of the data: self-organizing maps and correlation coe⁄cient clustering. The ¢rst uses a grid of nodes speci¢ed by the investigator, The set of genes most di¡erentially expressed in keratinocytes relative to other cell types examined. The genes are presented in the order of expression ratios, second column. The second column shows the ratios of medians of expression in keratinocytes and nonkeratinocyte cells. The symbols can be used to query public databases and obtain information about the listed genes, e.g., at http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?CMD=search&DB=unigene, or http://www.ncbi.nlm.nih.gov:80/ entrez/query.fcgi?CMD=search&DB=omim. NULL denotes genes without assigned symbols, and EST indicates that the transcript from the uncharacterized gene has been detected in at least some cell types. Some of the genes contain multiple entries (e.g., strati¢n), because the same gene is probed multiple times on the DNA microarrays. assigns each gene to a node, and then, in an iterative process, moves the nodes to minimize the total distance between the genes and the nodes. In this way each gene is assigned to a node, the cluster of genes assigned to the same node having similar patterns of expression. A 4 Â 6 grid of nodes is presented in Fig  4A. The leftmost ¢ve points of each node represent the expression levels in cultured keratinocytes, the middle ¢ve in skin, and the rightmost ¢ve in reconstituted epidermis (the sets of ¢ve are separated by thin lines in cluster 1, Fig 4A, top left) . Whereas some of the clusters contain outlier genes aberrantly expressed in just one of the chips, e.g., clusters 4 and 6, others contain genes speci¢cally expressed in cultured keratinocytes (cluster 3), skin (cluster 12), or reconstituted epidermis (cluster 21). Similarly, there are clusters of genes speci¢cally not expressed in cultured keratinocytes, skin, or reconstituted epidermis (clusters 22, 13, and 10, respectively). The correlation coe⁄cient clustering algorithm searches the 15-dimensional space for aggregations of genes that have similar expression patterns ( Fig  4B) . The two di¡erent approaches yield very similar clusters, however, and there is a signi¢cant overlap between the genes identi¢ed by the two methods (compare, for example, cluster 8 from correlation coe⁄cient clustering with cluster 13 from selforganizing maps, Fig 4A vs. Fig 4B) .
Arguably, the simplest way to discover the di¡erentially expressed genes is to compare their level of expression and identify those that have di¡erences of expression above a speci¢ed cuto¡ value. This method will overlook some of the highly expressed genes that are di¡erentially expressed, but with less than the cuto¡ di¡erence, as well as includes some of the poorly expressed but variable genes. Having the 5-fold replication of our data, we were able to use statistically superior methods of selecting di¡erentially expressed genes, methods that take into account the inherent variability of the measurements. We used both parametric and nonparametric tests, speci¢cally, the Student's t test and the Mann^Whitney test; both are included in the A¡ymetrix data-mining programs. Only the genes found di¡erentially expressed in both tests were analyzed. To reduce further the number of marginally relevant genes, we retained only those genes that have a 2-fold or higher di¡erential expression of medians in at least one pairwise comparison. For example, if a gene is expressed 1.8-fold higher in cultured keratinocytes than in skin and in reconstituted epidermis, it was not retained for analysis, but if it is expressed 2.1-fold higher than in skin and 1.3 -fold than in reconstituted epidermis, it was. A total of 3240 genes were selected this way.
In a two-way comparison, di¡erentially expressed genes can be either ''induced'' in one sample or ''suppressed'' in the other one. But, in a three-way comparison, we can identify the genes that are induced and genes that are suppressed in a given sample, by comparing it with the other two. For example, to identify the genes induced in skin, we listed those genes that di¡erentially expressed at higher levels in skin when compared to both cultured keratinocytes and reconstituted epidermis. Genes suppressed in skin are those expressed at higher levels in both cultured keratinocytes and reconstituted epidermis than in skin. Similarly, the cultured keratinocyte-speci¢c expression lists includes genes that are twofold di¡erently expressed versus both other sample types and mutatis mutandis for the reconstituted epidermis.
Functions of the di¡erentially expressed genes
We ¢rst focused on the expression of epidermal di¡erentiation markers because the data in Fig 3, as well as a large body of literature, Figure 2 . Functional classes of genes identi¢ed in the scatterplots. Groups of functionally related genes can be selected from the gene annotations, identi¢ed and highlighted within the scatterplots. Here we show genes whose annotations contain the words ''mitochondrial'' (top) or ''growth factor'' (bottom). make it clear that keratinocytes in monolayer cultures do not di¡erentiate. Indeed, the epidermal markers of di¡erentiation, such as ¢laggrin, loricrin, and involucrin are suppressed in cultured keratinocytes (supplementary table, a). In addition, the di¡erentiation-speci¢c keratins, K1, K2e, and K10, were suppressed, but the simple-epithelial keratins, K7, K18, and K19, were induced in cultured keratinocytes. Interestingly, integrins are expressed at higher levels in cultured keratinocytes than in the other two samples. Similarly, several extracellular matrix (ECM) proteins are expressed at higher levels in cultured keratinocytes, particularly those that form micro¢brils and the basal lamina. These include ¢brillin 2, ¢brillarin, MFAP2, ¢bronectin, and laminin. Skin also expresses a set of ECM proteins; surprisingly, we ¢nd among these collagen type VI (supplementary table, a) (Olsen et al, 1989; Watson et al, 2001) . This collagen may derive from the dermal ¢broblast contaminating our preparations, but in that case, we would expect to see type I, type III, and other collagens as well. We consider the possibility that the immediately subepidermal, papillary ¢broblasts speci¢cally produce collagen type VI less likely that the possibility that, in£uenced by other cutaneous cell types, epidermal keratinocytes also contribute to the micro-¢brillar structures that anchor them.
Although the di¡erentiation markers are suppressed, the cell cycle and DNA replication genes are greatly induced in cultured keratinocytes (supplementary table, b) . These data correlate well with the high mitotic activity in the monolayers, compared to the other two samples. In parallel with the cell cycle and DNA replication, the monolayer cultures enhance the expression of nucleoskeletal and RNA metabolism proteins. This would suggest that the keratinocytes in monolayers have signi¢cantly more active nuclear processes in general, compared to the multilayered structures.
Conversely, the mitochondrial proteins are strongly suppressed in skin (supplementary table, c). Over 50 mitochondrial genes are expressed less in skin than in the other two samples, which suggests that the skin is relatively quiescent and does not need to produce much energy. Apparently, the metabolism in skin is relatively slow. Nevertheless, when we directly examined the expression of enzymes participating in amino acid, carbohydrate, lipid, and steroid metabolism, we did not observe striking and meaningful di¡erences (supplementary table, d ) .
In contrast to mitochondrial proteins, relatively higher levels of growth factors and cytokines, as well as their receptors, are found in skin (supplementary table, e). These include, on the one hand, several interleukin, growth factor, and chemokines receptors and their binding proteins and, on the other hand, the ligands, growth factors, and cytokines. In general, the induced ligands do not bind the induced receptors, which avoids establishment of autocrine feedback loops. In cultured keratinocytes, several receptors are suppressed, e.g., the ERBB family, interleukin-1, and interferon-g receptors, as are several ligands. Perhaps the culture conditions attenuate some of these signaling processes. The behavior of reconstituted epidermis falls between the other two samples, with very few genes speci¢cally regulated. We note again the absence of ¢broblast-speci¢c markers, such as Figure 3 . Identi¢cation of keratin genes in scatterplots. Individual genes containing the word ''keratin''are highlighted and identi¢ed in the scatterplot comparing medians of skin and cultured keratinocytes microarrays. Note that the keratin di¡erentiation markers, 1, 2e, and 10, are expressed at higher levels in skin, whereas the simple-epithelia keratins, 8, 18, and 19, are expressed more in cultured cells. Several hair keratin genes appear expressed at low levels and are marked with ''h'' KGFR is the gene for keratinocyte growth factor, and a represents a gene annotated as ''cloned from a keratinocyte cDNA library''; both contain the string of letters ''keratin'' in their annotations. In the scatterplot of reconstituted epidermis versus cultured keratinocytes, we identi¢ed the same di¡erentially expressed keratins (arrows), and in the scatterplot of skin versus reconstituted epidermis, most keratin genes fall at or close to the diagonal. (A) Self-organizing maps distributing the genes into 24 bins of a 6 Â 4 grid. Of the 15 microarrays, the ¢rst 5 are cultured keratinocytes, the middle 5 skin, and the last 5 from reconstituted epidermis, as shown in the top left cluster. The lines represent the medians of relative expression of the genes in each cluster. Whereas many clusters contain genes speci¢cally highly expressed in just one microarray, e.g., the top left, or bottom right clusters, and are presumably outlier artifacts, other clusters contain genes di¡erentially induced or suppressed in cultured keratinocytes, skin, and reconstituted epidermis. (B) Correlation coe⁄cient clustering. A set of 6 selected clusters of the 28 obtained is chosen to demonstrate similarities with the self-organizing maps. keratinocyte growth factor or transforming growth factor-b, in skin, which indicates that the keratinocyte is the predominant cell in our preparations.
The di¡erentially expressed signaling genes are presented in the supplementary table ( f ). For most, no clear indication of disparity is obvious, in many cases because too few genes are di¡erentially expressed. Nevertheless, several pathways seem clearly di¡erent in the three sample types. The data in the supplementary table ( f ) are indicative of the di¡erentially activated processes and can be used as a direction indicator for future studies, but are not in themselves indicators of activity of a given pathway. Signal transduction pathways result in activation of transcription factors. A relatively large number of transcription factors are di¡erentially expressed in the three sample types (supplementary table, g). We have not tried to group them into categories, except to distinguish the homeobox proteins, which do not seem to be di¡erentially expressed. Many transcription factors are induced in skin and suppressed in cultured keratinocytes, with the reconstituted epidermis relatively una¡ected. We have no explanation for these di¡erences at this time.
DISCUSSION
Using large-scale DNA oligonucleotide microarrays, we characterized the ''transcriptome, '' the comprehensive global pattern of gene expression in epidermal keratinocytes. We compared the transcriptomes of keratinocytes with a collection of other cell types, as well as the three di¡erent experimental models of keratinocytes available, skin, reconstituted epidermis, and cultured keratinocytes. This allowed us to identify the keratinocyte-speci-¢c genes, the genes speci¢c for the three-dimensional, multilayered epidermal architecture, as well as the genes expressed in keratinocytes under the in£uence of neighboring cell types.
The keratinocyte-speci¢c genes include, as expected, keratins, adhesion proteins and epidermal di¡erentiation markers and, perhaps less expected, proteases and proteolysis inhibitors. We want to point out two additional genes highly expressed in keratinocytes, ATDC, the ataxia^telangiectasia D-associated protein and galectin-7. We note that the epidermis is the primary and perpetual target of UV light and therefore ATDC may be constitutively present in high amounts to stand sentinel against DNA damage (Gilchrest, 1995; Li et al, 2001) . Galectin-7 is an epidermal di¡erentiation marker also associated with UV damage and its responses (Madsen et al, 1995; Magnaldo et al, 1995; Bernerd et al, 1999; Timmons et al, 1999) . These results suggest that human epidermal keratinocytes speci¢cally recognize UV light as the major environmental insult and have evolved speci¢c mechanisms to deal with it.
Among the most prominent di¡erences between the sample types, as expected, is the lack of di¡erentiation markers expressed in cultured keratinocytes. These include suprabasal keratins, as well as small proline-rich protein, loricrin, and involucrin. Many actin-associated cytoskeletal proteins are expressed preferentially in the cultured cells, perhaps re£ecting their motility, which stra-ti¢ed cells lack (not shown). If so, then these cytoskeletal proteins probably play important roles in wound healing and our data point to a potentially fruitful new area of research. Furthermore, cultured cells express high levels of integrins a3, a6, and b4; this probably re£ects the fact that in monolayer cultures every cell is attached to the substratum and therefore needs integrins to hold on, whereas in the strati¢ed systems, only the basal cells do. It will be very interesting to examine the molecular regulatory mechanisms that cause such di¡erences.
We expected to ¢nd more products of ¢broblasts in skin, such as the ECM proteins, but we only detected collagen VI-a. This suggests that the contamination with ¢broblasts in our epidermal preparations is minimal and that the keratinocytes are by far the predominant cell type in our samples. It also raises the question whether collagen VI-a is produced by keratinocytes; there are no indications for this in the literature, although low-level expression in the epidermis may be obscured by the high levels in ¢broblasts and disregarded as artifactual (Olsen et al, 1989; Watson et al, 2001) .
Another prominent di¡erence between the sample types is the high number of cell cycle and DNA replication proteins expressed in cultured keratinocytes. These cells are encouraged to proliferate by the culture conditions. In contrast, many such genes are suppressed in skin. In parallel, cultured cells express higher levels of nucleoskeletal proteins, which was perhaps expected, and RNA-processing enzymes, which was not. This parallelism may re£ect similar requirements for these proteins in rapidly proliferating cells. The reconstituted epidermis is in between cultured keratinocytes and skin. We suspect that these genes are expressed in the basal layer of the reconstituted epidermis, which is stimulated to proliferate, while the suprabasal layers are postmitotic.
We ¢nd skin and reconstituted epidermis to be similar in most respects. Nevertheless, in skin we ¢nd elevated expression of cellto-cell signaling molecules, such as secreted proteins and cell surface receptors, probably owing to the in£uence of additional cell types, besides keratinocytes. These results con¢rm the usefulness of reconstituted epidermis as a model for di¡erentiating keratinocyte monocultures.
A characteristic set of genes is overexpressed in skin and reconstituted epidermis, genes speci¢c for the strati¢ed, di¡erentiating samples. The set includes proteins that, presumably, play important roles in the suprabasal layers of the epidermis, which needs to be demonstrated directly. Importantly, the strati¢ed samples speci¢cally express cell surface receptors, as well as secreted signaling molecules. The receptors include interleukin-1 receptor, as expected (Groves et al, 1994; Kupper and Groves, 1995; Groves et al, 1996) , but also ERBB2 and 3, which was controversial (De Potter et al, 2001; Xie et al, 1998) , and ephrin receptors, which was unanticipated. Some of the secreted peptides were known to be associated with di¡erentiation, but not others (Ali et al, 2001; Tohyama et al, 2001; Liu et al, 2002) . From these data, we conclude that cell^cell communications via di¡usible peptides, and their receptors are extremely important in establishment and maintenance of the strati¢ed epidermal structure.
The increased number of cell surface receptors and secreted signaling proteins in skin keratinocytes may re£ect the induction by other cell types, absent from the two monoculture systems. Nevertheless, it is also possible that they are expressed by these other cell types and not by keratinocytes, and at present, we have not distinguished between the two possibilities. Additional experiments, either using immunohistology or using microarrays of epidermis completely separated from dermis, currently ongoing in our laboratory, will resolve this issue. Obviously, these results can lead to additional studies and we hope that they may inspire some of our colleagues or provide explanation for some of the unexpected results in other laboratories.
Several genes are expressed uniquely in skin, not even in the reconstituted epidermis, and although other cell types may produce some of them, others are induced in keratinocytes by the presence of additional cell types. These include matrix HLA markers, complement components, metalloproteases, etc. (not shown) (Suomela et al, 2001; Dovezenski et al, 1992; Haw, 1995; Pasch et al, 2000) . Quite unexpectedly, we ¢nd the mitochondrial proteins suppressed in skin. At present, we do not understand the causes for this di¡erence. Nevertheless, the lower need for ATP and lower metabolic rate should be taken into account in studies of drug metabolism in epidermis, because in this aspect the di¡erences between skin and reconstituted epidermis may be signi¢cant.
We believe that we have reliably identi¢ed the broad range of di¡erentially expressed genes, because of the high number of repeats for each sample type. A ¢vefold redundancy allowed us greatly to reduce the variability often seen in comparison of microarrays. The sample-to-sample variations were greater between skin samples than other two types, as expected for in vivo human patient specimens. It is important to realize that we have not taken into consideration other variables. For example, all skin samples come from women, whereas the reconstituted epidermis and cultured keratinocytes derive from foreskins. The ages are also di¡erent: cultured cells come from neonates and reconstituted epidermis from children, whereas breast reductions come from adult women. Obviously, much larger samples will be needed to dissect the e¡ects of age, sex, or ethnic background and multicenter, large-scale analyses are currently being developed for such purposes. From the data presented here, however, it appears that these variations are minor.
Finally, we would like to point out that di¡erent analysis software, developed using various approaches ideas and algorithms, produces very similar results. While direct and detailed comparisons of these will be published elsewhere, we were grati¢ed to see the extensive overlaps of lists of di¡erentially expressed genes obtained using self-organizing maps, correlation coe⁄cient clustering, or Student's t test and Mann^Whitney test. In this, we were greatly aided by the extensive redundancy of our data.
